Abstract Background Cervical radiculopathy is defined as a syndrome of pain and/or sensorimotor deficits due to compression of a cervical nerve root. Understanding of this disease is vital for rapid diagnosis and treatment of patients with this condition, facilitating their recovery and return to regular activity. Purpose This review is designed to clarify (1) the pathophysiology that leads to nerve root compression; (2) the diagnosis of the disease guided by history, physical exam, imaging, and electrophysiology; and (3) operative and non-operative options for treatment and how these should be applied. Methods The PubMed database was searched for relevant articles and these articles were reviewed by independent authors. The conclusions are presented in this manuscript.
Introduction
Cervical radiculopathy is a pain and/or sensorimotor deficit syndrome that is defined as being caused by compression of a cervical nerve root [1] [2] [3] [4] . The compression can occur as a result of disc herniation, spondylosis, instability, trauma, or rarely, tumors. Patient presentations can range from complaints of pain, numbness, and/or tingling in the upper extremity to electrical type pains or even weakness. The clinical overlap between cervical radiculopathy and peripheral nerve entrapment syndromes and their nearly ubiquitous nature makes understanding of and identification of these entities mandatory for all practitioners.
The purpose of this review is to facilitate the understanding of this disease by addressing several questions. What is the underlying pathophysiology that leads to the development of the clinical syndrome of cervical radiculopathy? How is the diagnosis of cervical radiculopathy made and how can it be differentiated from common peripheral nerve entrapment syndromes? What are the current non-surgical treatment options for the patient with cervical radiculopathy and how does the underlying pathophysiology guide the treatment choice? What are the current surgical treatment options for the patient with cervical radiculopathy and what are the determining factors for how they should be employed?
Cervical radiculopathy can be a debilitating disease that can cause patients significant impairment. The toll on this population can be significant both economically, from lost work and wages, and psychologically, from prolonged pain and impaired social functioning. The goal for clinicians should be the rapid diagnosis and treatment of this condition in order to facilitate the return of the patient to their normal state of health.
Methods
To accomplish the goal of this review, the PubMed database was searched for publications from January 2000 through January 2011. The search was limited to English language articles. Initially, the database was searched using the term "cervical radiculpathy." This search returned a total of 1,978 articles; when narrowed to full text, there were a total of 374 articles. This subgroup was then searched for the keywords "surgery," "pathophysiology," "diagnosis," and "treatment". The resulting articles were screened by title and abstract for relevance to this review. A total of 84 relevant resources were identified. All relevant full-text manuscripts found on the PubMed database using the mentioned keywords were reviewed by independent authors and the results are concisely presented here.
Results
The cervical spinal nerves exit the spinal cord and are oriented obliquely toward their respective neural foramen (Fig. 1) . The cervical spinal nerves are named corresponding to the vertebral body below the nerve. The C8 nerve exits between C7 and T1 [5] . The neural foramen is made up of the facet joint posteriorly and the intervertebral disc anteriorly. The superior and inferior borders are comprised of the pedicles of the vertebral bodies above and below, respectively. The foramina are largest in the upper cervical spine and gradually narrow distally, with the C7/T1 foramina being the most narrow. The most common causes of nerve root compression are spondylosis of the facet joint and herniation of the intervertebral disc [6] . Hypermobility of the facet joint leads to ligamentous hypertrophy as well as bony hypertrophy. An increase in the size of the superior articulating process from the distal vertebra causes compression of the nerve. Intervertebral disc herniations can also cause nerve root compression from the anterior aspect of the foramen [7] . Disc herniations can either be acute or chronic. Chronic herniations occur when the intervertebral disc becomes degenerated and desiccated. This causes collapse of the disc space and bulging of the annulus into the neural foramen. Chronic herniations and facet spondylosis generally cause symptoms with an insidious onset that tend to be less severe. An acute herniation occurs when a fragment of the nucleus pulposus extrudes through a defect in the annulus fibrosis. This generally is associated with the sudden onset of severe symptoms, in contrast to those associated with a chronic disc herniation [4, 8] . Researchers hypothesize that pain syndromes and deficits arise as a result of both ischemia and inflammation notions that would explain why acute insults tend to result in more profound symptoms than slow, adaptable processes [9] .
The patient history alone can diagnose cervical radiculopathy in over 75% of cases [10] . The most common symptom associated with radiculopathy is arm pain or paresthesias in the dermatomal distribution of the affected nerve. Various different nerve compression syndromes are well described (Table 1) . Cervical radiculopathy may or may not be associated with neck pain. In rheumatoid arthritis, atlanto-axial settling can lead to C2 radicular pain which can manifest itself as eye and/or ear pain and headache. C3 and C4 symptoms tend to be vague neck pain and trapezious pain. C5 pain occurs in the shoulder and radiates down the ventral arm to below the elbow. C6 radiculopathy is associated with pain down the superior lateral aspect of the arm into the first two digits. Commonly, there is overlap in the pain presentation of C6 radiculopathy and carpal tunnel syndrome. In carpal tunnel syndrome, patients often report worse symptoms in the morning. If present, the motor component of the two clinical entities is quite different. Classically, carpal tunnel syndrome motor deficit is gauged by strength assessment of the abductor pollicis brevis which is innervated by the recurrent branch of the median nerve (which has a take-off point distal to the transverse carpal ligament). Clinically, patients with advanced carpal tunnel syndrome will have thenar atrophy. In contrast, the C6 nerve root provides motor innervations in a shared fashion to elbow flexors and wrist extensors. On clinical examination, Spurling's maneuver will exacerbate C6 radicular pain, but not median nerve entrapment. Tinel's at the wrist, Durken's median nerve test, and wrist flexion will exacerbate carpal tunnel syndrome [11] . C7 pain radiates down the dorsal aspect of the arm, through the elbow and into the third digit. C8 symptoms move down the inferior medial aspect of the arm into the fourth and fifth digits and are often confused with the pain of ulnar neuropathy [12] . Again, maneuvers such as Sperling's test, Tinel's at the elbow, and elbow flexion test can distinguish the two clinical entities. Sensory examination can distinguish between a C8 radiculopathy and ulnar neuropathy, as there will be splitting of the hypalgesia in either the third or fourth digit with ulnar neuropathy. With C8 radiculopathy, the entire digit will be affected. Motor examination may or may not show a grade of weakness in the myotome that corresponds to the pathologic nerve. No myotome corresponds to the upper four cervical nerve roots. C5 radiculopathy may show weakness in the deltoids; C6 will show weakness in the biceps and flexor carpi ulnaris (evaluated by testing for wrist extension); C7 weakness occurs in the triceps, as well as the brachioradialis; C8 pathology causes weakness in the intrinsic muscles of the hand, as evaluated by finger abduction and grip. Muscle stretch reflexes also tend to be decreased in the setting of radiculopathy. Biceps hyporeflexia is indicative of C6 radiculopathy, while decrease in the triceps and brachioradialis reflexes corresponds to pathology at C7. The neurologic examination has moderately strong intraobserver reliability with a kappa value between 0.4 and 0.64 according to Viikari-Juntura [13] . The neurologic findings on exam were highly correlated to the pathology found during surgery according to Yoss et al. [14] . Cervical range of motion is often tested in patients who complain of neck pain and radicular symptoms [15] . Patients often have impairment in their range of motion and limitation in their function. This is most commonly seen in extension, since the foramina tend to narrow significantly when the spine is extended. This has been shown by both anatomic in vitro studies as well as CT studies of the spine in vivo [4] .
As mentioned, provocative testing can also clarify a diagnosis during the physical examination. Five such tests have been identified in the literature: Spurling's test, the valsalva maneuver, the shoulder abductor sign, the upper limb tension test, and neck distraction. Spurling's test is designed to reproduce symptoms and is performed by laterally flexing, rotating, and compressing the patient's head toward the side of the symptoms. This effectively causes the pathologic foramen to close and should reproduce the symptoms. This test is very reproducible and extremely specific, but is not sensitive. The valsalva maneuver is another test that should reproduce the patient's symptoms. However, its mechanism of action and reproducibility has not been clearly defined. The upper limb tension test is designed to stretch the affected nerve root and thereby reproduce the patient's symptoms. The reproducibility of this test is relatively poor and its sensitivity and specificity has not been studied. The shoulder abductor sign and neck distraction are designed to open the affected foramen, decompress the nerve, and relieve the patient's symptoms. The shoulder abductor sign test is carried out by having the patient rest the hand of the affected extremity on the head. Neck traction is generally done with the patient in the supine position and the practitioner applies gentle tractions to the cervical spine (up to 30 lbs). Both of these tests have moderate intraobserver reliability, poor sensitivity, and high specificity [10, 13] . As mentioned, patients may suffer from peripheral median or ulnar nerve entrapment syndromes that masquerade as cervical radiculopathy (or vice versa). Having a clear understanding of how to diagnose each entity is essential in making the final correct diagnosis. Complicating matters further is that commonly, a "double crush" phenomena exists in which patients have neural compression both at the level of the cervical spine and at the level of the peripheral nerve. Maneuvers such as the Spurling's test for radiculopathy as well as Tinel's at the elbow and wrist, median nerve compression test, and wrist and elbow flexion tests can help distinguish C6 and C8 radiculopathies from median and ulner nerve entrapment, respectively. Ultimately, electromyogram/nerve conduction studies (EMG/NCS) is a helpful adjunct.
Imaging modalities and electrophysiologic testing play an important role in the diagnosis and localization of cervical radiculopathy. The first test that is typically done is plain x-ray. AP and lateral views are useful for demonstrating the overall alignment of the spine as well as the presence of any obvious spondolytic changes. Lateral flexion and extension views are helpful to diagnose any instability that may be present and not seen on a static radiograph. Computed tomography is the most sensitive test for examination of the bony structures of the spine. This can be used to identify any insidious process that may cause bony destruction or abnormal bone formation, such as ossification of the posterior longitudinal ligament. The bony opening of the foramina can also be examined for any osteophyte formation that may cause nerve root impingement. CT, when combined with, myelography, has the ability to delineate the nerve root in relation to bony structures. By inference, when contrast cannot be seen entering the nerve root sleeve, there is compression of that nerve. The limitations of myelography are that it has a poor ability to show soft tissue structures and it is an invasive test that is not without risk or side effects. Therefore, the preferred imaging modality is MRI. This has the greatest ability to show the soft tissue structures as well as course of the nerve as it exits the foramen. Several studies have correlated MR findings to outcome postoperatively, particularly with T2 hyperintesity/T1 hypointesity of the spinal cord being associated with less relief of symptoms following surgical decompression [13, [16] [17] [18] [19] . EMG is another tool that the practitioner can use to aid in diagnosis of radiculopathy. By itself, EMG has a relatively poor predictive capacity in showing nerve root compression. In a study by Ashkan et al., only 42% of patients with a positive EMG finding had compression at the time of surgery, while 93% of those with positive MRI findings had pathology. EMG is most valuable as a supplement to imaging modalities in helping to localize the appropriate level in patients with vague symptoms or inconclusive imaging [19] . Additionally, as discussed, it is a useful adjunct when considering peripheral neuropathy in the differential diagnosis.
The majority of patients diagnosed with cervical radiculopathy (75-90%) will improve with non-operative management according to two large prospective studies that evaluated treatment modalities [20, 21] [22] [23] [24] . Non-operative treatments can include both active and passive therapy [25] . Passive therapy consists of collar immobilization and rest from activities that aggravate the condition. Three studies that compared immobilization to active therapy showed no difference in long-term outcome, but those treated more aggressively tended to improve more quickly. There is widespread indication that prolonged use of the collar leads to deconditioning of the neck musculature and tissue damage and should be avoided. Active interventions are more favored in the literature [26] [27] [28] . The majority of studies that describe non-operative therapy document the usage of multiple modalities of treatment. One such study compared range of motion exercises, ergonomic neck instruction, neck relaxation, and superficial heat to manual cervical traction [27] . The group receiving traction had significantly better pain scores and range of motion following a 6-week treatment period. Other studies include the usage of TENS, cervical pillow, massage, acupuncture, and ultrasound. Cervical traction is one physical therapy modality that has been studied separately from the others. Five studies have looked at traction as a treatment for radiculopathy [29] [30] [31] [32] [33] . All five showed that traction was temporarily efficacious in relieving patients' symptoms; however, none of the studies included standardized outcome measures. While there is no evidence to suggest the superiority of one treatment modality over another, the literature suggests that a combination of therapies aids in the recovery of patients as compared to passive nonoperative therapy. While invasive, epidural steroid injection (ESI) falls in the realm of non-operative therapy. Five studies were identified that studied the efficacy of epidural injection [26, [34] [35] [36] [37] [38] [39] . All five showed that ESI improved symptoms; however, none of the studies used validated outcome measures to assess long-term benefit. Data that was measured primarily relied on visual analogue scale (VAS) and non-standardized pain scales. Three of the five studies reported complications, all of which were minor and did not require any further intervention. The rate of complication ranged from 3% to 35% in these studies. There have been case reports of more catastrophic complications, including epidural hematomas that needed to be emergently decompressed and spinal cord infarction, particularly in the setting of severe central stenosis [40] . Due to these complications and the technical difficulty of the injection, physiatrists and pain management professionals are moving away from performing this procedure. Chiropractic manipulation is described in two prospective case series for the treatment of cervical radiculopathy [41, 42] . Neither series is adequately powered to show the superiority of manipulation over other non-operative treatments. Both series report on the use of high-velocity, low-amplitude manipulation. In the larger series, 27 patients were studied with 80% reporting improvement of VAS at 9 months. While this series reported no complications, a smaller series showed worsening of radiculopathy in two of eight patients undergoing manipulation. Any patient undergoing chiropractic manipulation must have a proper workup prior to treatment. Any instability or mass lesions are absolute contraindications to manipulation and can have disastrous consequences. Vertebral artery injury is another commonly reported complication that can lead to catastrophic outcomes [43] . Given the risks involved with manipulation and the paucity of evidence showing any benefit, this therapy cannot be recommended as a predictable treatment option. Chiropractor treatments should focus on the use of gentle range of motion exercises and directed massage.
When patients fail non-operative management or otherwise meet inclusion criteria for surgery, there are multiple options available for the operative intervention of cervical radiculopathy. General practice deems that patients with clinically significant motor deficits, debilitating pain that is resistant to conservative modalities and/or time, or instability in the setting of disabling radiculopathy are indicated for surgery. Spinal alignment, stability, balance, and surgeon's preferred technique, all play a role in the decision of which operation to perform [44] . Surgical interventions can be broken down into two large categories: anterior and posterior approaches to the spine.
Anterior surgery affords the surgeon the ability to restore cervical lordosis, stabilize the spine, and predictably decompress the nerve roots. This is accomplished by opening a plane between the carotid artery and the esophagus and following this to the anterior aspect of the spine [45, 46] . The intervertebral disc is then removed in its entirety along with any osteophytes at the posterior aspect of the vertebral body. Historically, the evacuated disc was then replaced by either bone graft material or nothing. [47] [48] [49] [50] [51] [52] More recently, surgeons have favored restoring the normal height of the disc segment with structural grafts or cages. Some describe opening the foramen from the anterior approach, while performing only enough discectomy to reach the pathologic foramen [53] [54] [55] . Matz et al. [50] reviewed multiple studies describing various techniques for anterior decompression of the nerve. These included anterior cervical decompression and fusion, cervical discectomy alone without fusion, and anterior cervical foramenotomy without complete discectomy. The conclusion of the studies showed that there was very good evidence that patients got immediate and long-term relief of symptoms from anterior cervical discectomy with fusion (ACDF) and anterior cervical discectomy alone (ACD). Multiple prospective studies showed that these procedures provide symptomatic relief significantly faster than physical therapy [52, 56, 57] . This relief is maintained throughout a 12-month follow-up period. The evidence was not as strong in support of performing anterior foramenotomy alone. Most studies of this procedure showed variable outcome, between 54% and 95% symptom relief, and none of the studies used standardized validated outcome measures. Currently, most surgeons choose to perform ACDF rather than ACD for several reasons [58] . Insertion of a graft increases the rate of fusion [59] and increases the degree of postoperative lordosis [22] . Furthermore, insertion of a graft allows for indirect decompression of the neural foramen by increasing the cephalocaudal height of the space [60] . ACDF allows for a predictable outcome, with relief of symptoms in up to 90% of patients with radiculopathy [61] .
Surgeons have several choices of material for cages that contain the graft as well as several choices of graft material. Cages can be titanium, polyetheretherketone, carbon fiber polymer, or structural allograft. All of these materials have been shown to be effective [23, 48] ; however, no clear advantage has been seen for one specific material. The same can be said for graft material [8] , no specific advantage has been found to iliac crest autograft versus allograft bone [62] . The inclusion of an anterior plate for single-level or two-level fusions is another controversial topic. Several studies have shown that the inclusion of a plate increases fusion rate, decreases postoperative kyphosis, and decreases graft subsidence, as well as prevents catastrophic cage/graft migration [63, 64] . For more than two levels, use of an anterior plate is mandatory for graft safety as well as to achieve predictable fusion rates [65] . Historically, anterior cervical corpectomy was advocated for two-level disease by a large number of surgeons. However, data has suggested a worse outcome for patients undergoing corpectomy compared to those undergoing two-level ACDF [66] . Corpectomy patients tended to have a greater rate of kyphosis, hardware failure, and pseudoarthrosis. More recently, even three-and four-level ACDF has been shown to have predictable, successful outcome with the evolution of more advanced anterior plating systems.
Total disc arthroplasty is a newer technique for anterior surgery in the setting of radiculopathy that maintains segment height while maintaining motion. These devices have been shown to have similar efficacy to ACDF, with patient outcomes similar to that of ACDF [67] . Developers hypothesize that this would decrease the rate of adjacent segment degeneration. However, a study by Jawahar et al. in 2010 has shown this not to be the case [63] . This is an area of ongoing research and interest.
Anterior surgery is not without its drawbacks. Surgeons who are not comfortable performing the Smith-Robinson approach to the anterior spine may require an otolaryngologist for the approach. Recurrent laryngeal nerve injury is reported in 0-25% of cases depending on the series. This rate may be confounded by local neuroproxia or ischemic injury to the vocal cords, rather than to the nerve itself. Dysphagia and odynophagia are known complications of the approach as well, although most of these complications are temporary and resolve within 3 months. Patients with prior surgery, radiation, or infection can present the surgeon with significant difficulty as well [49, 52, 68, 69] .
Another option for decompression of cervical nerves is to perform a posterior cervical laminoforaminotomy [70] . This is performed by exposing the junction of the lamina and facet joint at the affected level. A high-speed burr is then used to open a window in the lamina and remove the medial one third of the facet joint, thus exposing the affected nerve. If necessary, the nerve can be carefully and gently retracted to expose and remove a fragment of herniated disc. However, Korinth et al. in 2006 studied 293 patients comparing anterior and posterior procedures for soft disc herniations and found superiority with the anterior technique [71] . The posterior operation has the benefit of maintaining spinal alignment and not requiring a fusion. This, theoretically, prevents the breakdown of the adjacent level; however, the literature is not complete on this subject. The primary complication with this procedure is neck pain, presumably secondary to muscle dissection [72] . Certain risk factors, such as advanced age, cervical kyphosis, and previous surgery may predispose patients to progressive degeneration and spinal deformity [73] . One of the most important limitations to the posterior surgery is the amount of bony decompression that can safely be achieved. Since this procedure does not allow for indirect decompression via distraction, the nerve must be directly decompressed. If there is a large amount of bony foraminal stenosis, this may not be possible without destabilization of the facet and the need for a fusion [74] . Therefore, this technique may be best applied to soft disc fragments causing neural foraminal stenosis. Heary et al. [50] reviewed the literature regarding this procedure as applied to cervical disc herniations and found a significant number of case series that describe the use of this procedure for radiculopathy. The literature describes between 75% and 98% positive outcome. The large number of patients treated, as well as the consistent results, led the authors to recommend laminoforaminotomy in the appropriate clinical setting despite most studies lacking validated measures and blinded studies. A classic paper by Herkowitz et al. [75] compared the efficacy of anterior cervical decompression and fusion with posterior cervical laminoforminotomy in 33 patients. This group was then followed for a mean of 4.2 years. The authors alternated procedures on a comparable patient population and found that 95% of the patients in the ACDF group had positive outcomes, while 75% of the posterior surgery group had positive outcomes. The difference was not statistically significant and therefore showed that both anterior and posterior procedures for cervical radiculopathy have excellent efficacy when indicated correctly.
Discussion
Cervical radiculopathy is a clinical syndrome manifested by compression of a spinal nerve in the neck. This syndrome is typically characterized by upper extremity pain and, occasionally, sensorimotor deficits in the area supplied by the affected nerve. Patients who suffer from this disease are often debilitated, losing time from work and social obligations. It is essential for clinicians to rapidly diagnose and appropriately treat these patients. In the course of this review, the authors sought to ask and answer four vital questions: 1. What is the underlying pathophysiology that leads to the development of the clinical syndrome of cervical radiculopathy? 2. How is the diagnosis of cervical radiculopathy made and how can it be differentiated from common peripheral nerve entrapment syndromes? 3. What are the current non-surgical treatment options for the patient with cervical radiculopathy and how does the underlying pathophysiology guide the treatment choice. 4. What are the current surgical treatment options for the patient with cervical radiculopathy and what are the determining factors for how they should be employed?
While these four questions have been enumerated and answered with the available literature, there are several questions that remain:
What is the economic impact of this disease and how do the different treatment modalities affect this impact? How does time of onset of neurologic injury coupled with the time to decompression of the nerve affect the outcome of that injury? The literature reflects that the C5 nerve is more sensitive to injury than the other nerves in the cervical spine [76] . What is the pathophysiologic mechanism related to this sensitivity and what issues should surgeons be aware of when dealing with this nerve?
Given the prevalence of cervical radiculopathy, studies of patients with this disease should not be difficult to accomplish. A large cohort of patients can be studied prospectively to determine the time it takes to return to work. Likewise, the same cohort can be studied to determine the return of neurologic function following decompression. The study of the C5 nerve may require more intensive scrutiny of imaging, electrophysiologic testing, and intraoperative observations. This also may be an area where cadaveric studies of the relationship of the nerve to its surrounding structures might provide benefit.
The knowledge and understanding of cervical radiculopathy continues to evolve. Nerve root compression, as reviewed in the pathophysiology section, is caused by disc herniation, degeneration, and facet hypertrophy. Diagnosis can be made by history and physical examination, while confirmation with MRI can be supplemented by CT scans and electrophysiologic testing. Treatment typically begins with non-operative management, such as active and passive physical therapy. Pain management techniques, such as ESIs, can provide symptom relief but have risks. If nonoperative management fails, or if the patient has an acute functional impairment, surgical decompression of the nerve root may be necessary.
Conclusion
Cervical radiculopathy is a common clinical entity. Understanding the pathophysiology, diagnosis, treatment indications, and treatment techniques will lead to rapid diagnosis and improved patient care. This knowledge is important for all practitioners. Rapid diagnosis and treatment will lead, ultimately, to a greater chance for early recovery for the patient affected by this condition.
